Environmental impact of early palaeometallurgy: pollen and geochemical analysis by Jouffroy-Bapicot, Isabelle et al.
Environmental impact of early palaeometallurgy: pollen
and geochemical analysis
Isabelle Jouffroy-Bapicot, Maria Pulido, Sandrine Baron, Didier Galop,
Fabrice Monna, Martin Lavoie, Alain Ploquin, Christophe Petit, J.-L. De
Beaulieu, Herve´ Richard
To cite this version:
Isabelle Jouffroy-Bapicot, Maria Pulido, Sandrine Baron, Didier Galop, Fabrice Monna, et al..
Environmental impact of early palaeometallurgy: pollen and geochemical analysis. Vegetation
History and Archaeobotany, Springer Verlag, 2007, 16 (4), pp.251-258. <hal-00332036>
HAL Id: hal-00332036
https://hal.archives-ouvertes.fr/hal-00332036
Submitted on 3 Jun 2016
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
Veget Hist Archaeobot (2007) 16: 251–258
DOI 10.1007/s00334-006-0039-9
ORIGINAL ARTICLE
Isabelle Jouffroy-Bapicot · Maria Pulido ·
Sandrine Baron · Didier Galop · Fabrice Monna ·
Martin Lavoie · Alain Ploquin · Christophe Petit ·
Jacques-Louis de Beaulieu · Herve´ Richard
Environmental impact of early palaeometallurgy: pollen
and geochemical analysis
Received: 14 February 2005 / Accepted: 15 December 2005 / Published online: 3 March 2006
C© Springer-Verlag 2006
Abstract Interdisciplinary research was carried out
in mid-level mountain areas in France with the aim of
documenting historical mining and smelting activities
by means of pollen and geochemical analyses. These
investigations were made on cores collected in French
peatlands in the Morvan (northern Massif Central), at
Mont Loze`re (southern Massif Central) and in the Basque
Country (Pyre´ne´es). Different periods of mining were
recognised from Prehistory to modern times through
the presence of anthropogenic lead in peat. Some of
these were already known from archaeological dates or
historical archives, especially for mediaeval and modern
periods. However prehistoric ancient mining activities,
as early as the Middle Bronze Age (ca. 1700 b.c.), were
also discovered. They had all led to modifications in plant
cover, probably related in part to forest clearance necessary
to supply energy for mining and smelting.
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Introduction
Recent geochemical analyses have demonstrated that peat
bogs are potential archives not only for palaeobotanical
purposes, but can also be successfully used to reconstruct
historical atmospheric pollution (Shotyk 1996; and special
issues of Water, Air and Soil Pollution 100, 1997 and The
Science of Total Environment 202, 2002). Recent Euro-
pean studies conducted in the Swiss Jura (Shotyk et al.
1997; Shotyk 2002), Great Britain (Mighall et al. 2002a,
b, 2004), Finland (Bra¨nnval et al. 1997), Germany (Ku¨ster
and Rehfuess 1997) and Spain (Martinez Cortizas et al.
2002) suggest that lead can be used to reconstruct atmo-
spheric pollution as it seems to be chronologically retained
in hilltop peat and not vulnerable to re-mobilisation, even in
non-ombrotrophic peatland (Shotyk 2002). Lead isotopic
geochemistry is based on the 206Pb/207Pb ratio concomi-
tant with the Pb/Sc or Pb/Al ratio; it indicates the so-called
anthropogenic lead (Sc and Al are among elements which
behave conservatively in most geological environments).
Mining and smelting activities may have affected nearby
vegetation through deforestation in response to increasing
energy demands. Thus, palynology associated with archae-
ological knowledge is a powerful tool for a better under-
standing of prehistoric mining and metal-working (Mighall
and Chambers 1993; Ku¨ster and Rehfuess 1997; Richard
and Eschenlohr 1998).
This paper summarises the results of the first interdis-
ciplinary research in France the aim of which is to docu-
ment historical mining and smelting activities using pollen
and geochemical analyses. These investigations were con-
ducted on peat cores collected in the Morvan mountains
(Monna et al. 2004b), in the Loze`re mountains in the
southern Massif Central (Baron et al. 2005; Ploquin et al.
2003) and in the Basque Country (Pyre´ne´es; Monna et al.
2004a; Fig. 1). They documented palaeoenvironmental im-
pact since the beginning of those activities, in areas where
archaeological and historical knowledge indicate mining
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Fig. 1 Location of the sites
and/or smelting activities during several periods and where
abundant mineral resources are found.
Sampling sites and their historical context
Mont-Beuvray (Morvan – Burgundy, 820 m a.s.l.) is one
of the highest points of the Morvan, northern Massif Cen-
tral. The Morvan is a Hercynian massif mainly composed of
granitic rocks, although volcano-sedimentary terrains (rhy-
olites and conglomerates) are also exposed. Three main
types of mineral deposits were recognised: late Hercy-
nian stratiform barytic and fluoritic outcrops (Lhe´gu et al.
1982), abundant polymetallic mineralisation (Pb, Zn, Ag)
and, to a lesser extent, in conglomerate outcroppings at
Mont-Beuvray (Delfour 1978; Marcoux 1986). At Mont-
Beuvray, Bibracte, a Celtic hill fort of the Aeduan tribe,
became one of the greatest and richest oppida in Gaul dur-
ing the late Iron Age. Geomorphological anomalies such
as wide trenches and gullies have recently been discovered
and interpreted to be remains of mining excavation. On this
basis, archaeologists have assumed that one of the factors
that may have attracted early settlers is the abundance of
mineral resources.
Mont Loze`re (South Massif Central, 1699 m a.s.l.) is lo-
cated in the Cevennes National Park on the southern edge
of the Massif Central (Fig. 1). Mineralisation occurs all
around the granitic massif in contact with the Palaeozoic
or Mesozoic sedimentary cover: lead is the main metal
(galena), while there are also smaller quantities of arsenic,
copper, zinc, antimony and silver (Ploquin et al. 2003).
On the western side of Mont Loze`re, sixty deposits of
slag were discovered in an area of 8 km2, all at an alti-
tude between 1360 and 1430 m above the mineralisation.
This slag is metallurgical waste indicating past smelting
activities (11th–12th century), mainly from lead and sil-
ver extraction (Ploquin et al. 2003). Several slag deposits
are located near peat bogs where palaeobotanical and geo-
chemical records are preserved. On the edge of the Narses
Mortes peat bog, archaeological excavations have revealed
the remains of an old furnace from the mediaeval period.
The High Aldudes Valley (Basque Country) contains
abundant mineral resources and was widely mined dur-
ing Roman times. Archaeological remains dated between
the 2nd century b.c. and the 4th century a.d. testify to
important metallurgical activity in this area (Galop et al.
2001, 2002; Beyrie et al. 2003). Ores of Fe, Cu, Ag, Sb and
to a lesser extent of Pb and Zn, consist of sub-concordant
piles or secant veins governed by fractures. Mining activ-
ity during the Middle Ages seems to have been very low,
while the highest level of production, reaching more than
100 tons of copper, was registered and documented by his-
torical sources before the French Revolution. Exploitation
then collapsed during the 18th century a.d. due to a lack
of wood supply sufficient for intense exploitation. During
the 18th century, this area yielded more than 1200 tons of
copper, and around 15 tons of silver (Beyrie et al. 2003).
Marginal exploitation is recorded throughout the 19th and
20th centuries.
Material and methods
Sampling
The Port-des-Lamberts peatland (Morvan) is located about
4–5 km from both Mont-Beuvray and the known ore de-
posit. It covers an area of about 3 ha at an altitude of
700 m a.s.l., is Sphagnum-dominated and organically rich
at the top. The current surroundings are woodland domi-
nated by beech forest and by a planted spruce grove.
The Narses Mortes peatland (Mont Loze`re) is located
at an altitude of 1400 m a.s.l. on the western side of
Mont Loze`re. It is a 21 ha minerotrophic peatland, mainly
colonised by peat moss (Sphagnum) and characterised by
a micro-topography of hummocks (tussocks of Molina
caerulea or Polytrichum) and hollows. Marshy zones with
Cyperaceae, Menyanthes and Equisetum, may develop tem-
porarily. The peatland drains to the south towards the Tarn
River. The surrounding vegetation consists of grassland
and heath. The only trees around the bog are pines, planted
during the second part of the 19th century.
The small peat bog of Quinto Real (Basque Country) is
located in the High Aldudes Valley close to the Spanish
border at 910 m a.s.l. It covers a surface of 400 m2 of Pale-
ozoic terrain. The peatland is dominated by Sphagnum and
Cyperaceae and surrounded by a beech forest and grazing
lands.
Pollen analysis
The peat core from Port-des-Lamberts was collected by
means of a Russian GIK-type corer, using the conventional
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two-borehole technique. It consists of about 2 m of
organic-rich material. Pollen analysis was performed at
a sub-sampling interval of 4 cm. On the Narses Mortes
peatland, two perpendicular transects of coring at regular
intervals (25 m) permitted description of the geometry of
peat accumulation. One sedimentary core was taken using
a modified Russian Coring device (Jowsey 1966) at the
centre of the peatland (central core, not presented here)
where the maximum peat thickness (140 cm) was found.
A second core (lateral core) of 138 cm, was collected near
the edge of the site, where it was possible to examine the
stratigraphy of the sediments through an incision in the
peat created by a small, currently inactive stream. This
lateral core provided a fine temporal resolution study of the
anthropogenic period. The upper part of the core consists of
a tussock of Molinia caerulea. Pollen analysis was carried
out at 2 cm intervals for the upper part (2–74 cm), and 4 cm
intervals for the lower part (74–138 cm). In the Quinto Real
peatland, a 420 cm core was obtained with a Russian GIK-
type corer using the two-borehole technique. Sub-sampling
for pollen analysis was carried out at 4 cm intervals in the
first metre and at 8 cm intervals in the lower part of the core.
Pollen preparation followed standard procedure, briefly:
10% HCl, 10% KOH, HF and acetolysis. An average
of 400 vascular plant pollen grains was counted in each
level. Pollen grains were identified with the aid of keys
(Faegri and Iversen 1989; Moore et al. 1991), photographs
(Reille 1992) and reference to a modern pollen type slide
collection. Cyperaceae, spores and aquatic plants were sys-
tematically excluded from the pollen sum. In the Port-des-
Lamberts peatland core, as at the Quinto Real, Alnus was
also excluded because its over-representation could have
masked the dynamics of other taxa (Janssen 1959; Wilt-
shire and Edwards 1994).
Radiocarbon dating
Geochemical analysis
The same analytical procedure was applied to the sam-
ples from Mont Beuvray and the Basque country. More
details about the methodology can be found in Monna et al.
(2004a, b). In brief, refractory elements, such as Sc and
REE, were measured by Instrument Neutron Activation
Analysis (INAA) at Actlabs (Ontario, Canada). For isotopic
and heavy metal determinations, about 500 mg of powdered
samples were first oxidised with H2O2 and digested with a
mixture of Suprapur and concentrated HCl, HNO3 and HF
(Merck, Germany) in closed PTX vessels with microwave
assistance. An aliquot of the solution was measured by an
HP 4500 inductively coupled plasma – mass spectrometer
(ICP-MS) to determine Cu, Zn, Cd, and Pb concentrations.
Lead from another aliquot was purified using the conven-
tional ionic resin AG1X4 (Biorad) and measured for its
isotopic composition by a quadrupole-based HP 4500 (see
Monna et al. 1998, 2000 for more details about the chemi-
cal procedure and precision). Blanks and reference material
standards, including NIST 1547, JSD 1, JSD 2, NIST 1547,
Table 1 AMS radiocarbon dating (∗14C-beta counting)
Sites Depth
(cm)
Lab. No. 14C B.P. Calibrated ages
NM 30 Poz-2011 Modern
NM 41 Poz-7048 850 ± 30 a.d. 1158–1264
NM 50 Poz-2012 1330 ± 35 a.d. 648–773
NM 53 Poz-2014 1265 ± 35 a.d. 667–868
NM 62 Poz-2015 1460 ± 35 a.d. 543–649
NM 71 Poz-2016 1635 ± 35 a.d. 264–5535
NM 90 Poz-1957 1950 ± 40 a.d. 41 b.c.–130
NM 119 Poz-1958 2200 ± 40 382–169 b.c
PL 75 Ly-10942 1070 ± 50 a.d. 888–1028
PL 97 Ly-10943 1460 ± 60 a.d. 441–664
PL 126 Ly-10944 2480 ± 40 790–407 b.c
PL 163 Ly-10945 3117 ± 54 1515–1225 b.c
QR 69–71 Beta-156998 290 ± 40 a.d. 1486–1664
QR 157–159 Ly-10587∗ 1895 ± 50 a.d. 3—240
QR 229–231.5 Ly-10588∗ 2645 ± 45 896–787 b.c
QR 283–285 Ly-10589∗ 3045 ± 70 1485–1051 b.c
QR 357 Beta-156997 4120 ± 40 2876–2501 b.c
Dates were calibrated (2 σ range) using Calib 4.1.3 (PL and QR)
or 4.2 (NM) software (Stuiver et al. 1998); NM: Mont Lozere, “Les
Narses Mortes” peat core; PL: Mont-Beuvray, “Port-des-Lamberts”
peat core; QR: Basque Country, “Quinto Real” peat core; Poz: Poz-
nan Radiocarbon Laboratory (Poland), Ly: Centre des Sciences de la
Terre (University of Lyon, France), Beta: Beta Analytic Inc labora-
tory, Miami
PACS-1 and BCSS-1, were also systematically added to
each set of unknown samples in order to check accuracy
and precision Table 1.
The peat samples from the Mont-Loze`re massif were
powdered (300 mg) and fused in Pt crucibles along with
900 mg of ultra-pure LiBO2 at 980 ◦C in an automatic tun-
nel oven. This methodology is undertaken in routine anal-
yses in the SARM Laboratory at CRPG in Nancy. More
details are available in Carignan et al. (2001). For isotopic
measurements, dried peat samples (30–300 mg, according
to lead concentration in each sample) were dissolved in a
Teflon vessel using 2 ml of concentrated HNO3 and 0.5 ml
of 30% H2O2. After evaporation at 110 ◦C, the residue
was taken up in 1 ml of concentrated HNO3, 0.5 ml H2O2
and 1 ml of concentrated HF (all Merck Suprapur quality)
and left at 80 ◦C overnight. After the last evaporation, the
residue was taken up in 1 ml of 0.9 M HBr. Pb was sep-
arated from the other elements by ion exchange using the
AG1X8 resin. The lead isotopic composition was measured
with a MC-ICP-MS (Isoprobe, micromass, now GV Instru-
ments). The reference materials, NIST 981 Pb and NIST
997 Tl were used to correct any instrumental mass bias.
More details concerning the methodology are available in
Baron et al. (2005). This technique is based on the rela-
tionship measured between Pb and Tl mass bias, according
to the empirical technique used by Mare´chal et al. (1999)
and reported by White et al. (2000) for lead applications.
Reference values used for both reference materials were
taken from Thirlwall (2002). Repeated measurements of
the NIST NBS 981 Pb reference material yielded accurate
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Fig. 2 Simplified pollen diagram (dominant taxa Alnus and Cyperaceae were removed) and anthropogenic lead concentration, from the
Port-des-Lamberts peatland (Morvan, 700 m a.s.l.)
recalculated values (using the Pb-Tl relationship) with a
reproducibility (2 standard deviations) better than 150 ppm
for all the reported Pb isotope ratios.
Results
In the Morvan (Fig. 2), according to radiocarbon dates
and palynological spectra, the base of the core from Port-
des-Lamberts may be estimated to be from the transition
Neolithic/Early Bronze Age. This first period (PAZ PL1)
is initially dominated by woodland taxa of mesophilous
woodland: Corylus, Fagus, Quercus and to a lesser ex-
tent Tilia. Anthropogenic indicators, such as Cerealia-type
and Plantago lanceolata, are already present in herbaceous
taxa, indicating early human occupation. This was prob-
ably for agro-pastoral purposes, because the 206Pb/207Pb
ratios merely reflected natural mineral matter.
The beginning of PAZ PL2, in the late Bronze Age, shows
a drastic drop in woodland taxa, especially Fagus. The low
percentage of anthropogenic pollen indicators recorded in
these levels seems to indicate that the forest clearing was
not related to any agro-pastoral extension. It is precisely at
this time that the earliest substantial human-derived lead
input is noticed. Such a concomitance is an indication of a
close connection between metallic contamination and for-
est clearance. This result suggests that the Mont Beuvray
area was, as previously suspected by some archaeologists
(Guillaumet 2001), an early mining centre. During the sec-
ond part of PAZ PL2, the percentage of woodland taxa,
dominated by Fagus, gradually increases, while anthro-
pogenic lead concentrations remain stable. Human pressure
on the forest must have declined at that time – Iron Age,
according to radiocarbon dating.
At the beginning of PAZ PL3, Fagus collapses again, an-
thropogenic herbs indicators increase, while anthropogenic
lead concentrations peak during the Aeduan civilization
(1st century b.c.). This result, together with the numer-
ous metallurgical workshops discovered at Bibracte, may
at least partly explain the tribe’s wealth. A decline in an-
thropogenic pollen indicators and lead fluxes marks the
beginning of our era. Bibracte was abandoned after the Ro-
man conquest of Gaul, the population leaving the Celtic
city to settle in the new city Augustodunum, which became
the Aeduans’ new smelting centre.
Archaeological knowledge from the early Middle Ages is
crucially lacking, but anthropogenic indicators are already
present and, what is more, their percentages are signifi-
cant. At the same time, low anthropogenic inputs occurred
(PAZ PL4a). Less surprising is the rise in concentration of
human-derived lead and the Fagus representation, which
drops at the beginning of PAZ PL4b, around the 11th cen-
tury. This event may be synchronous with the great defor-
estation phase of the Middle Ages, observed on an Euro-
pean scale (Berglund et al. 1996), even if, on a regional
scale, there is a lack of archaeological proof and historical
information.
Anthropogenic lead inputs continue to increase slightly
at the end of PAZ PL5 and reached a maximum at the be-
ginning of PAZ PL6. However, the chronology established
from radiocarbon dates does not allow precise dating of
this phase. Locally, historical mining during the 18th and
19th centuries is well documented in archives. However the
fact that Fagus pollen almost totally disappears at that time
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Fig. 3 Pollen diagram from the Narses Mortes peatland (Mont Loze`re, 1400 m a.s.l.) and results of geochemical lead analysis. Pollen data
are presented in percentages (lines) and concentrations (bars)
may be due to the intense exploitation of the Morvan forests
from the 16th to the beginning of the 20th century, in order
to supply Paris with firewood. However, this palynological
observation may not reflect the reality of the vegetation.
Harvesting for firewood was performed by means of cop-
pice selection. There was probably still a beech-dominated
forest, but pollen production might have been affected by
this activity.
At Mont Loze`re (Fig. 3), the age model inferred from
the 14C dates from the marginal core from the Narses
Mortes peatland (PAZ NMI) suggests that the peat ex-
panded around 2500 years ago. At the bottom of the pollen
diagram, a forest environment is deduced from relatively
large percentages and the high concentrations of Betula, de-
ciduous Quercus and Fagus. Some grasses (Poaceae) were
also abundantly represented in this period, probably due to
local contributions from Molinia. Former diagrams cover-
ing longer periods at Narses Mortes peatland (de Beaulieu
1974) clearly show a moderate opening of the beech for-
est to the benefit of grasslands and Calluna heath, at least
from the Early Bronze Age, suggesting a patchy vegetation
cover at Mont Loze`re. At the same depth in the section,
lead concentrations in the peat samples and their corre-
sponding isotopic compositions are close to that of local
granite, indicating that no anthropogenic activity occurs.
The beginning of PAZ NM II, Antiquity according to
radiocarbon dates, is characterised by a reduction in the
abundance of trees. A first major period of deforestation
begins at this time. This deforestation was linked to an
abrupt increase in lead anomalies, Fagus being the taxon
most affected. Isotopic compositions for this lead anomaly
are the same as those for ores and slag linked to mediae-
val metallurgy, but no Iron Age archaeological evidence is
present. This zone can be subdivided into two sub-zones
(PAZ NM IIa and PAZ NM IIb). In the sub-zone PAZ NM
IIa, the tree pollen concentrations decline gradually to reach
minimal values at 102 cm. Percentages of Fagus and Be-
tula decrease equally, whereas those of Quercus and Abies
increase. This synchronous decline in the pollen concen-
trations of all taxa (trees, shrubs and herbs) undoubtedly
results from acceleration in the net peat accumulation rate
as compared to the previous period, probably as a sec-
ondary effect of deforestation. In sub-zone PAZ NM IIb
an increase in pollen concentrations follows. Percentages
of Fagus and Betula increase while those of Quercus de-
crease. At this time, lead concentration decreases probably
indicating a reduction in metallurgic pressure. At the end of
PAZ NM II, during the early Middle Ages, anthropogenic
pollen increases, without any connection to lead concentra-
tion and the corresponding lead isotopic composition, thus
suggesting agro-pastoral activities.
PAZ NM IIIa is characterised by a second decline in the
pollen percentage of Fagus and Betula. The percentage of
Quercus remains stable in spite of a sudden reduction in the
concentration of this taxon at the end of PAZ NMIII. This
second period of deforestation led to the drastic reduction in
all tree species (Fagus, Quercus, Betula) found at the end of
PAZ NM IIIb, whereas the pollen representation of Poaceae
is fairly stable at high percentages and Pinus begins to in-
crease at the end of this subzone. PAZ NM IIIa is probably
associated with mining activities from the Mediaeval Pe-
riod (at 42 cm depth). Abundant microscopic charcoal dur-
ing this period is correlated with the fragmentation of the
forest cover in response to anthropogenic fire events, proba-
bly linked to local metallurgy The decrease in lead concen-
trations, recorded in PAZ NM IIIb (at about 34 cm depth),
marks the abandonment of metallurgy and an increase
in agro-pastoral activities. Indeed, a second maximum in
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Fig. 4 Pollen diagram from the Quinto Real core (Basque Country, 910 m a.s.l.) with Pd/Sc and 206Pb/207Pb ratios
anthropogenic indicators and a continuous curve of planted
trees are also recorded. Mediaeval human activities account
for the asylvatic nature of the summit of Mont Loze`re and
for the abnormally low altitudinal tree-limit until the last
two decades. At the end of this zone, pine (probably Pi-
nus sylvestris) shows a gradual increase. In the uppermost
35 cm, lead isotopic composition indicates that modern in-
dustrial inputs overprinted the chemical signals and have
thus veiled information from after the 12th or 13th century.
The upper 20 cm of the sequence (PAZ NM IV) show pollen
spectra marked by a balance between grasses (asylvatic
vegetation, probably Nardus stricta meadows) and pine (in-
flux from more or less distant plantations since the second
half of the 19th century). At the top of the spectra, the pine
percentages increase to more than 60% whereas Poaceae
drop below 20%, illustrating local invasion by pine.
In the Aldudes Valley (Basque Country; Fig. 4), several
phases of metallurgical activities linked with environmen-
tal modifications are observed between Late Neolithic and
modern times (Middle Bronze Age, Late Bronze Age, An-
tiquity and finally modern times). In PAZ QR-1 prior to
3000 b.c. during Late Neolithic, the presence of anthro-
pogenic indicators such as Cerealia-type, Triticum-type and
Plantago lanceolata in the pollen record reveals human ac-
tivities in this area. Later, the decline of oak combined with
the slight extension of birch and the slow expansion of
herbaceous taxa (mainly Poaceae) registered in PAZ-QR3a
suggest a progressive deforestation that might have been
the origin of the detrital layer recorded at 310cm depth,
around 2000 b.c. At that time the 206Pb/207Pb and Pb/Sc
ratios indicate natural mineral matter. During the Middle
Bronze Age (PAZ-QR5) Quercus and Corylus declined,
whereas a significant increase in herbaceous taxa, such as
Poaceae and grazing indicators, is recorded. Isotopic ra-
tios show a close concomitance between forest clearance
(AP percentage drops from 60% to below 40%) and the
increase in agro-pastoralism (Rumex is peaking) and metal-
lic contamination. A similar relationship between lead en-
richment and deforestation is noted at ca. 1000–600 b.c.
during Late Bronze Age/Iron Age transition (PAZ-QR7).
During this period the pollen record indicates a removal of
oak forest while traces of agro-pastoral activities (Plantago
lanceolata, Plantago major/media, Rumex, Cerealia-type)
decrease or are absent. In this case, deforestation does not
parallel agro-pastoral extension and may be interpreted as
the result of increasing energy demands for mining and
smelting purposes.
Another major anthropogenic phase is pinpointed by
Pb/Sc and 206Pb/207Pb ratios from ca. 200 b.c. to a.d. 200
(PAZ-QR9 and QR 10). During this period, Quercus and
Corylus decrease while Fagus seems to spread. Moderate
signs of deforestation appear again without any pollen in-
dication of significant agricultural extension. The Pb/Sc
peak observed in the core corresponds well with the ex-
ploitation of iron, copper, silver and lead from the met-
allurgical and mining sites of the Baı¨gorry Valley, well
known in Antiquity (Beyrie et al. 2003). During this period
the decline of oak can be explained by deforestation for
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metallurgical operations. Moreover, anthracological ana-
lysis performed in shaft-furnaces located near the peat-
land established that charcoal production within the valley
focused on this species (Galop et al. 2002). After a long de-
cline throughout the Middle Ages (PAZ-QR11 and QR12),
Pb/Sc ratios increase markedly from late 16th century and
early 17th century a.d., coinciding with the decrease in
206Pb/207Pb ratios (PAZ-QR 13). This period is an intense
phase of metallurgical activities in the Basque Country, par-
ticularly in the Baı¨gorri Valley where the copper foundry
started operating in 1747. Forest taxa (Fagus, Quercus) de-
clined as metalworking peaked, indicating intense forest
clearance linked with wood charcoal production and pas-
toral activities suggested by the increase of anthropogenic
indicators. In this area, forests were dedicated to charcoal
production, as demonstrated by abundant charcoal-kiln re-
mains in current forest and pasture areas of the Aldudes
Valley.
Discussion
In the Morvan, as in the Basque country and the southern
Massif Central, different phases of palaeometallurgy are
recognised according to the presence of anthropogenic Pb
in peat. Those activities of extraction and/or smelting of
different metals (copper, silver or gold) would have emitted
enough lead-enriched dust and gases into the atmosphere
to be retained in surrounding environments.
The different phases of palaeometallurgy, recognised
from the presence of anthropogenic Pb in peat, induced
major modifications in plant cover. This is probably re-
lated in part to the forest clearance necessary to supply en-
ergy for mining and smelting. Vegetation cover may have
been drastically affected by selective deforestation, affect-
ing especially Fagus (beech) in the Morvan (Monna et al.
2004b) and at Mont Loze`re (Lavoie et al. in press), while
Quercus (oak) was preferentially used for charcoal pro-
duction in the High Aldudes Valley (Galop et al. 2001;
Fig. 2). Beech is well known as a good fuel for energy
production.
According to the radiocarbon dates, some periods of
high metallurgical activities were related to archaeological
evidence of mining or smelting activities. However, some
evidence of palaeometallurgy, marked by pollution and
a significant fall in the pollen percentage of arboreal
taxa, could not be related to archaeological knowledge,
thus giving new data concerning human settlement in
these areas. This might explain the forest clearance with
no increase in pollen anthropogenic indicators linked to
agro-pastoral activities. The results of these paleoenvi-
ronmental studies provide evidence of proximal metal
activities for periods in which archaeological knowledge
is lacking, for example the Bronze Age in both the Morvan
and the Basque Country and during Antiquity at Mont
Loze`re. Where and when archaeological data or archives
do exist, these paleoenvironmental studies also provide a
reliable chronology and a new set of data for mining or
smelting activities. The Morvan and Aeduan metallurgy,
Mont Loze`re during the Middle Ages and the Basque
Country during both Antiquity and modern times, are all
examples.
The studies demonstrate the strength of the environmen-
tal impact on soil pollution and vegetation of pre-industrial
activities, in regions which are nowadays among the less
industrialised areas of France. Mining and smelting activ-
ities have had strong and long lasting effects on the for-
est cover. In the case of soil pollution at Mont-Beuvray,
for example, about 20% of the total anthropogenic lead
found there was deposited before our era, and probably
about 50% of it before the 18th century (Monna et al.
2004b). The Pb concentrations in workshop-soils at Mont-
Loze`re, are of the same order as modern ones, but spread
over a smaller area. This heritage should be taken into
account in the study of present and future environmental
problems.
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